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Pr0.5Sr0.5MnO3 (PSMO) thin film is epitaxially grown on (001)-oriented LaAlO3
single-crystal substrate using pulsed laser deposition (PLD). It is found that the as-
grown PSMO film shows compressive strain in plane and tensile strain out of the
plane. Upon annealing at 900◦C in the air, the strain is significantly relaxed. The
paramagnetic to ferromagnetic phase transition temperature TC shifts from 200 K to
220 K, and the antiferromagnetic insulating phase is suppressed in the phase separated
state at low temperature. In addition, the magnetoresistance (MR) is found to increase
around the ferromagnetic transition temperature, whereas it decreases from 99% to
60% at low temperature of 20 K. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978634]
I. INTRODUCTION
The manganite R1-xAxMnO3 (R = rare earth ion; A = divalent alkaline earth metal ion) has
shown lots of remarkable phenomena such as magnetoresistance (MR), Jahn-Teller effect, and phase
separation.1–4 The half-doped manganite Pr0.5Sr0.5MnO3 (PSMO) is an attractive material exhibiting
a multicritical phase diagram, which includes paramagnetic insulating (PMI), ferromagnetic metallic
(FMM), antiferromagnetic insulating (AFI) as well as charge ordered (CO) states, and has a natural
tendency towards phase separation/competition.4–8 Therefore, the transport properties of the PSMO
are sensitive to external stimuli like magnetic field, substrate-induced strain and grain size.8–15 Both
the growth orientation and strain affect the phase diagram of the film. The films on (110)-oriented
substrates like SrTiO3 (STO) and LaAlO3 (LAO) have two phase transitions upon cooling, from
PMI to FMM and then to AFI state.8–13 In contrast, the (001)-oriented film is absent of AFI phase.
Tensile or compressive strain is another factor that could enhance the AFI phase. The FMM-AFI
phase transition is observed in the greatly strained (001)-oriented films and the transition temperature
decreases with increasing thickness due to strain relaxation.14–16 In order to obtain strained epitaxial
(001)-oriented PSMO film on LAO substrate, the growth temperature should be higher than 700◦C.
Otherwise the film shows no significant strain and does not exhibit the AFI phase.16
Post-annealing is usually used to improve crystallization of the films, and it could strongly affect
the electrical and magnetic properties. However, the effect of post-annealing ons the properties of
PSMO film has not been thoroughly studied. In this paper, the effect of annealing on the PSMO
film grown on the (001)-oriented LAO single-crystal substrate is thoroughly investigated. The para-
magnetic to ferromagnetic phase transition temperature TC shifts from 200 K to 220 K, and the
antiferromagnetic insulating phase is suppressed at low temperature.
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II. EXPERIMENTAL
PSMO thin film was grown on (001)-oriented LAO single-crystal substrate by PLD. Dur-
ing the deposition, the substrate was kept at a temperature of 700◦C, and the oxygen pres-
sure was kept at 30 Pa. In order to reduce oxygen vacancy, the film remained in oxygen of
0.5 atm at the deposition temperature for 5 minutes before cooling down to room temperature.
FIG. 1. XRD patterns of PSMO thin film: θ-2θ pattern of the as-grown film (a); ϕ scan patterns of LAO substrate (113) and
PSMO film (113) along the 001 direction for the as-grown film (b); θ-2θ scan curves of (002) PSMO plane for the as-grown
film (line) and annealed film (circle) (c).
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The as-grown film was then annealed at 900◦C in air for 2 hours after structural and transport
measurements.
The crystal structure of the film before and after the annealing was detected by x-ray diffraction
(XRD). The temperature dependent resistivity (ρ-T ) was measured by physical property measurement
system (PPMS) using a standard four-probe method. The magnetization versus temperature (M-T )
was measured by superconducting quantum interference device (SQUID) with zero-field-cooled
(ZFC) field warming and field-cooled (FC) runs applying a magnetic field of 5 T parallel to the
substrate plane. The film thickness, as controlled by deposition time, was measured by a Dektak
stylus profiler. The films studied in this paper have a thickness of ∼ 30 nm.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the XRD spectra of the as-grown PSMO film (line) and annealed film (circle).
Only peaks from (00l) reflection of LAO substrate and PSMO film are observed in the normal θ-2θ
scans and no other peaks can be observed, demonstrating that the PSMO film is highly epitaxial
and of single phase. The formed ABO3 phase has the c-axis perpendicular to the substrate surface.
The 0-360◦ ϕ scan patterns of LAO substrate (113) and PSMO film (113) along the 001 direction
are presented in Figure 1(b). A tetragonal structure with an epitaxial relationship of PSMO 100
//LAO 100 can be examined. Upon annealing at 900◦C, the offset of the PSMO (002) peak shifts
towards a larger angle, i.e., from 46.15◦ to 47.25◦, as shown in the Figure 1(c). This indicates a
decrease of the out-of-plane lattice c from 0.393 nm to 0.384 nm. The mismatch between the LAO
FIG. 2. The temperature dependent resistivity of the as-grown film (line) and annealed film (circle) (a) and the resistivity
change of ∆ρ/ρ(%)=(ρas-grown film-ρannealed film)/ρas-grown film×100% (b).
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substrate (cubic, ∼0.379 nm) and PSMO (pseudocubic, ∼0.384 nm17,18) suggests the epitaxial film
is subjected to a compressive strain in plane. Considering the Poisson’s ratio an elongation along
the direction perpendicular to the surface will be induced. The out-of-plane lattice of as-grown film
is much larger than that of the bulk material, indicating that the film is greatly strained. The lattice
constant of the annealed film is greatly decreased, and very close to its bulk value. The full-width
at half-maximum (FWHM) of the PSMO (002) peak of the as-grown film and the annealed film are
almost the same (∼0.35◦). This suggests that the crystalline domains are small in size and does not
change significantly upon annealing (∼23 nm19).
Figure 2(a) shows the temperature dependence of resistivity for the as-grown film (line) and
the annealed film (circle). The as-grown film exhibits an insulator characteristic, i.e., its resistivity
increases with decreasing temperature; whereas the annealed film shows an insulator-metal transition
with a resistivity peak at 230 K, and is metallic at lower temperature. To describe the resistivity changes
induced by annealing, we define the resistivity ratio between the as-grown film and annealed film.
As shown in Figure 2(b), the ∆ρ/ρ(%)=(ρas-grown film-ρannealed film)/ρas-grown film×100% increases with
decreasing temperature (from 11.4% at room temperature to 99.9% at 20 K).
Figure 3(a) is the temperature dependence of the magnetization M-T of the as-grown film
(line) and annealed film (circle). As magnified in the inset of Figure 3(a), the as-grown film has
a paramagnetic-ferromagnetic transition at around 200 K and a ferromagnetic-antiferromagnetic
transition at around 110 K, as the magnetization in both FC and ZFC M-T curves begins to decrease
at this temperature. The magnetization at low temperature is far above zero, implying the coexistence
FIG. 3. M-T curves (a) and the dM/dT -T (b) of as-grown film (line) and annealed film (circle). The M-T curve of the as-grown
film were magnified in the inset of Figure 3(a). The arrows mark the changes of transition temperature.
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of the FMM phase and AFI phase. For the annealed film, the magnetization increases quickly at
220 K, indicating a paramagnetic-ferromagnetic transition at this temperature. Though the magneti-
zation turns slowly raises below the temperature of 100 K, the magnetization is still unsaturated till
20 K. Comparing to the as-grown film, the annealed film has a wider FM phase-transition temperature
range. In addition, the magnetization is greatly enhanced in magnitude especially at low temperature.
Figure 3(b) shows the relationship between dM/dT and T. The Curie temperature increases from
200 K for the as-grown film to 220 K for the annealed film.
Figure 4 is the resistivity change versus magnetic field (a) and the related MR=[ρ(0)
-ρ(µ0H=5T)]/ρ(0)*100% (b) of the as-grown film (square) and the annealed film (circle). The MR
of the as-grown film rises quickly with decreasing temperature below the ferromagnetic transition.
At low temperature near 20 K the MR reaches 99.2% under a magnetic field of 5 T. The annealed
film undergoes a metal-to-insulator transition around 230 K without magnetic field. With a magnetic
field of 5 T, the metal-to-insulator transition temperature increases to 280 K, similar to what is found
in many manganite film involving ferromagnetic transitions. Comparing with the as-grown film, the
annealed film shows various MR dependent on temperature. The MR is enhanced above the FM
transition temperature ∼220 K but greatly suppressed below the temperature. The MR of annealed
film is only 59.7% at 20 K, much lower than that (99.2%) of the as-grown film.
After post-annealing, the out-of-plane lattice constant goes down to a bulk value. It seems that
the interface strain has been totally released by annealing. However, during the annealing the oxygen
vacancies may be modified, which would also modulate the lattice parameter, and consequently the
FIG. 4. The resistivity under various magnetic field (a) and MR=[ρ(0)-ρ(µ0H=5T )]/ρ(0)×100% (b) of the as-grown film
(square) and annealed film (circle).
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FIG. 5. XRD patterns of PSMO film on (001) LSAT before and after annealing.
electric/magnetic properties of manganite film.21,22 For example, the filling of oxygen vacancies
may lead to a decrease of volume of lattice, the drop of resistivity and enhancement of insulator-
metal transition temperature.23,24 To distinguish strain effect from the change of oxygen deficiency
induced by the annealing, we studied the influence of annealing on PSMO thin film deposited on
(001)-oriented (LaAlO3)0.3–(SrAl0.5Ta0.5O3)0.7(LSAT) substrates with identical conditions.
As the lattice of LSAT and PSMO is very close, the film on LSAT is little strained.14 In this film,
strain relaxation may rarely take place in the annealing. As a result, the possible changes of the oxygen
vacancies could be detected by comparing the properties of this film before and after annealing.
Figure 5 shows the XRD of PSMO thin film on (001)-oriented LSAT substrate before and after
annealing. The reflection peak of (002) PSMO is at the same angle, indicating the out-of-plane lattice
is little modified in the annealing. This observation shows that the oxygen vacancy changes in the
annealing is not obvious. As previously described, to reduce oxygen vacancy the films are remained
in oxygen of 0.5 atm at the deposition temperature for 5 minutes. Considering this treatment the little
change of oxygen vacancy in annealing is comprehensible.
Two types of MR phenomena in various manganite materials have been revealed: (i) at the Curie
temperature region, a somewhat ‘standard’ MR1 effect takes place since small field can easily align the
moments of the ferromagnetic islands of random orientation, leading to a percolative conductor; (ii) at
low temperatures where the system is insulating, a huge MR is detected as well. Such MR2 originates
from the competition between FMM phase and AFI phase.20 These two types of MR phenomena
are both found in the as-grown PSMO film (from PMI to FMM, and then to AFI) upon cooling. The
annealing induced great changes of magnetotransport. This might be ascribed to the strain effect on
the phase separation among PMI, FMM and AFI. With strain relaxation, the ferromagnetic phase is
enhanced. The shift of the PMI-AFI transition to higher temperature, together with the enhancement
of magnetization and conductivity, demonstrated that post-annealing has led to the increase of the
proportion of FM phase. With more ferromagnetic island, the percolative conductive channel could be
realized with smaller magnetic field, resulting in MR1. On the contrary, the strain relaxation weakens
the AFI phase. Considering the MR2 is mostly caused by the AFI-FMM transition, the large decrease
of the MR at low temperature is understandable, as there is less area of AFI phase contributing to the
AFI-FMM transition.
IV. CONCLUSIONS
Epitaxial PSMO thin film is grown on (001)-oriented LAO single-crystal substrate by PLD. The
effect of post-annealing on the lattice structure and electrical properties are thoroughly investigated
and discussed. The annealed film shows decreased resistivity and enhanced magnetization. Two types
of MR are discussed and it is suggested to be due to the strain effect on phase separation.
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